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A B S T R A C T   

Continental intraplate basalts from southeastern Eurasia show ocean island basalt-like geochemical signatures 
and heterogeneous isotopic compositions suggesting mixing between isotopically enriched and depleted end- 
member sources. Although the isotopically enriched end-member(s) in these basalts which are related to 
oceanic crustal recycling have been investigated, the nature of the isotopically depleted end-member(s) remains 
unclear. We present geochemical characteristics of the southeast Cambodia basalt and compare them with other 
Cenozoic intraplate basalts in the South China Sea region. All these basalts contain a component with low Ce/Pb 
and Nb/Th ratios, moderate 87Sr/86Sr (~0.7040) and εNd (~ + 5), high εHf (~ + 9.5), and slightly positive ΔεHf 
value. These chemical and isotopic signatures are not consistent with the depleted local asthenosphere. We 
suggest a FOZO-like component, which is most likely derived from lower mantle material, represents the low-Ce/ 
Pb component. Combined with geophysical observations, we propose that the interaction between the upwelling 
mantle plume and the stagnant slabs controls the formation of these intraplate basalts from the South China Sea 
region. This study highlights the important role of stagnant slabs in the mantle transition zone in modifying the 
compositions of mantle plumes, ultimately resulting in upper mantle heterogeneity.   

1. Introduction 

Mantle plumes link the deep mantle to the Earth’s surface and have 
commonly been studied in rift and intraplate settings, where stagnant 
subducted oceanic slabs in the mantle transition zone (410–660 km) are 
absent (e.g., Condie, 2001; Kincaid et al., 1995; White et al., 1993). 
However, the behavior of mantle plumes near subduction zones remains 
poorly understood (e.g., Kincaid et al., 2013; Mériaux et al., 2016). 
Numerical calculations show that a peridotitic diapir from the lower 
mantle can entrain fragments of oceanic crust that have stagnated at the 
mantle transition zone, thereby forming a mixed plume of upwelling 
material (Yasuda and Fujii, 1998). Such a model is supported by 
geophysical evidence from the modern Cascadia subduction zone and 
Yellowstone hotspot in the western North America, and the interaction 
between the Tonga–Kermadec oceanic slab and the Samoan mantle 
plume in the Southwest Pacific (Chang et al., 2016; Leonard and Liu, 

2016). However, geological observations from each of these regions are 
not entirely consistent with the conventional view of mantle plumes. For 
example, the spatial age progression of volcanic rocks in the Yellowstone 
region cannot be explained by a single plume model (Christiansen et al., 
2002; Leonard and Liu, 2016). This may be due to the behavior of the 
upwelling plume being affected by the stagnant slab (Kincaid et al., 
2013). Approximately 50% of recognized mantle plumes dating back to 
60 Ma lie within 1000 km of subduction zones (Fletcher and Wyman, 
2015). Hence, the role of mantle plume–stagnant slab interactions on 
the upwelling plume and development of upper mantle heterogeneity 
needs to be further investigated. 

Cenozoic intraplate basalts are widely developed in the South China 
Sea region, which is surrounded by multiple subduction systems (Barr 
and Macdonald, 1981; Ho et al., 2003; Li et al., 2014; Xu et al., 2012) 
(Fig. 1a). Notably, all these basalts show ocean island basalt (OIB)-like 
geochemical features and record the mixing between relatively depleted 
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Fig. 1. Topographic map of southeast Asia and distribution of Cenozoic mafic volcanisms (a), Pb and Nd isotopic compositions of Cenozoic basalts from eastern Eurasia (b), and vertical cross-sections of P-wave 
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and EM2-type enriched mantle components (Zou et al., 2000) (Fig. 1b). 
Recycled oceanic crustal materials are mostly thought to be responsible 
for the EM2-type enriched mantle component in the South China Sea 
region (e.g., An et al., 2017; Hoang et al., 2018; Yu et al., 2019; Zeng 
et al., 2017). Mantle potential temperatures estimated from these basalts 
reveal the thermal anomaly, suggesting the occurrence of the Hainan 
mantle plume beneath the region (An et al., 2017; Wang et al., 2012; Yan 
and Shi, 2008; Yang et al., 2019). This is supported by geophysical ob
servations of continuous low-velocity bodies that extend into the lower 
mantle near Hainan Island (Huang and Zhao, 2006; Xia et al., 2016) 
(Fig. 1c). In addition, seismic observations have shown that a large 
number of stagnant slabs are present in the mantle transition zone, likely 
demonstrating the occurrence of mantle plume–subduction zone in
teractions in this region (Mériaux et al., 2015; Zhao et al., 2021). 
However, there is no geological evidence for such a mantle plume 
model. Large-scale and long-lived magmatism has not occurred in the 
South China Sea region (Sun, 2016), and there is no direct geochemical 
evidence (i.e., high 3He/4He ratios) supporting the direct contribution 
from a mantle plume (e.g., Qian et al., 2021). Therefore, due to sub
duction of the Indian–Australian and Pacific plates, the intraplate ba
salts formed in the South China Sea region are ideal materials for 
investigating the interaction between mantle plumes and subduction 
systems and generating upper mantle heterogeneity. 

Here we report new whole-rock major and trace elemental compo
sitions and Sr–Nd–Hf isotope data for southeast Cambodia basalts which 
are located to the west of the southern Vietnam basaltic fields (Fig. 1a). 
These data are the first for intraplate basalts from the central Indochina 
Peninsula, where diffuse igneous provinces dominate (Hoang and 
Flower, 1998). We compare our data with those for other basalts from 
the South China Sea region. Our data and geophysical observations 
together provide new insights into the relationship between continental 
intraplate basalt, oceanic subduction, and seismically detected mantle 
plume. 

2. Geologic background and sampling 

The tectonic evolution of the South China Sea region (i.e., South 
China Sea basin, Indochina Block, and South China Block) has been 
influenced by the northwestward subduction of the Paleo-Pacific Plate, 
northeastward subduction of the Indian–Australian Plate, and collision 
between the Indian–Australian and Eurasian plates since the mid- to late 
Mesozoic (Hall (2002), Fig. 1a). After termination of seafloor spreading 
in the South China Sea basin (spreading occurred during 34–15 Ma), 
numerous, small-scale, and genetically related intraplate basaltic fields 
have formed within and around the South China Sea basin (Ho et al., 
2003; Xu et al., 2012). These intraplate volcanic fields can be divided 
into six areas from northeast to southwest: Fujian basalts (<19 Ma), 
Hainan basalts (<17 Ma), South China Sea OIBs (<19 Ma), southern 
Vietnam basalts (<17 Ma), Cambodia basalts (<15 Ma), and Thailand 
basalts (<24 Ma) (Barr and Macdonald, 1981; Ho et al., 2003; Hoang 
et al., 2018; Yan et al., 2018). The eruptive units in southern Vietnam 
and eastern Cambodia are the most voluminous in the Indochina 
Peninsula and crop out over an area of ~70,000 km2 (Hoang et al., 2018, 
and reference therein) (Fig. 1a). 

In Cambodia, basaltic rocks are mainly distributed in the eastern part 
of the country. The northern side of the basaltic field spatially continues 
with the Pleiku basaltic field of southern Vietnam that erupted at ~6 Ma, 
while the south side of the basaltic field can be regarded as the westward 
extension of the Phuoc Long basaltic field of southern Vietnam that 
erupted at ~15 Ma (An et al., 2017; Barr and Macdonald, 1981; Hoang 
and Flower, 1998). Sixteen basalt samples were collected in this study 
from the north to east of Kampong Cham city in southeastern Cambodia 
(Fig. S1; Table S1), and we term the southeast Cambodia basalts. In hand 
specimen, all basalts exhibit black to dark grey in colour, massive to 
vesicular structure (Fig. S2a). Most samples are fresh, and only a few are 
slightly altered with minor olivine being partially decomposed to 

iddingsite. These samples are either porphyritic (Fig. S2b) or aphyric 
(Fig. S2c) in texture. Basalts with porphyritic texture contain minor 
olivine phenocrysts (<10% modal abundance) set in a groundmass 
composed of plagioclase, olivine, clinopyroxene, Fe–Ti oxides, and 
glass. The diameter of olivine grain is <1 mm. No crustal and mantle 
xenoliths are found in these basalts. 

For geochemical comparison, crustal xenoliths hosted by late Ceno
zoic basalts were collected from southern Vietnam (near Dalat city) to 
the east of Cambodia. The Dalat basaltic flows consist of four major 
phases (16.7–6.3 Ma, 4.0–2.1 Ma, 1.8–0.9 Ma, and 0.7–0.4 Ma), crop out 
over an area of ~3500 km2, and are up to 300 m thick (Hoang et al., 
1996; Hoang et al., 2018). Four crustal xenoliths reported in this study 
contain three mafic crustal xenoliths and one felsic crustal xenolith. The 
mafic crustal xenoliths are two-pyroxene granulites that consist of cli
nopyroxene, orthopyroxene, plagioclase, and opaque accessory minerals 
with granoblastic microstructures (Fig. S2d). The felsic crustal xenolith 
is composed of quartz, plagioclase, and orthopyroxene with granoblastic 
microstructure. These crustal xenoliths are fresh and show similar 
petrographical features to lower crustal xenoliths from southeast China 
(Yu et al., 2003). 

3. Results 

Major and trace elemental compositions as well as Sr, Nd, and, Hf 
isotopic compositions are measured for Cambodia basalt samples, while 
Sr, Nd, and Hf isotopic compositions are only analyzed for the lower 
crustal xenoliths. A detailed description of analytical methods is present 
in the Appendix. New elemental and isotopic data for southeast 
Cambodia basalts are listed in Table S2, and those for international 
standards and reduplicated samples during basaltic sample analyses are 
also given in Table S2. New isotopic data for lower crustal xenoliths are 
listed in Table S3. 

The southeast Cambodia samples are basalts and trachybasalts 
(Fig. 2a), which have homogeneous SiO2 (47.7–49.4 wt%), variable 
MgO (6.01–11.1 wt%), high FeOT (10.2–11.7 wt%), and moderate TiO2 
(1.81–2.24 wt%) contents (Fig. 2a–d). In the plot of CaO/Al2O3 versus 
MgO, a positive correlation is seen for samples with MgO > 9 wt% and a 
weakly negative correlation is shown for samples with MgO < 9 wt% 
(Fig. 2b). The similar geochemical pattern is observed from the plot of 
FeOT versus MgO, wherein flat trend is seen for samples with MgO > 9 
wt% and a positive correlation is seen for samples with MgO < 9 wt% 
(Fig. 2c). The southeast Cambodia basalts contain 66.0–295 ppm Ni, and 
18.1–21.5 ppm Sc, wherein MgO is positively correlated with Ni 
(Fig. 2e) but showing no correlation with Sc (Fig. 2f). These samples 
exhibit enrichments in highly incompatible elements, positive Nb and Ta 
anomalies, and negative Pb, Zr, and Hf anomalies (Fig. 3a), similar to 
typical OIBs (Niu and O’Hara, 2003). The samples do not have Eu 
anomalies (Fig. 3b). 

For the southeast Cambodia basalts, εNd values correlate negatively 
with 87Sr/86Sr (Fig. 4a), and there is a weak negative correlation be
tween εNd and εHf values (Fig. 4b). 87Sr/86Sr ratios correlate negatively 
with Ce/Pb ratios, and εNd values correlate positively with Ce/Pb ratios 
(Fig. 4c–d). For the lower crustal xenoliths, we can divide them into two 
groups according to their whole-rock Sr, Nd, and Hf isotopic composi
tions (Fig. 4a–b) as high-εNd group (87Sr/86Sr = 0.703578 to 0.703688, 
εNd = +5.1 to +5.4, εHf = +7.0 to +7.2) and low-εNd group (87Sr/86Sr =
0.705105 to 0.705197, εNd = +0.7 to +2.8, εHf = +2.7 to +6.2). In the 
plot of εHf versus εNd, the southeast Cambodia basalts fall below the 
terrestrial array and are similar to the Fujian basalts, indicating slight 
decoupling of εHf from εNd, as evident from their negative ΔεHf values. 
ΔεHf is defined as ΔεHf = εHf – (1.55 × εNd + 1.21) and quantifies the 
deviation of εHf from the terrestrial array (Vervoort et al., 2011). ΔεHf 
values of basalts (Fig. 4b) can be used to identify the origin of mantle 
source heterogeneity in the upper mantle (e.g., Chauvel et al., 2008; 
Chen et al., 2009; Vervoort et al., 2011; Zeng et al., 2011). For example, 
Indian mid-ocean ridge basalts (MORBs) and pelagic sediments have 
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positive ΔεHf values, whereas Pacific MORBs have negative ΔεHf values 
(Chauvel et al., 2008; Pearce et al., 1999, 2007). Thus, recycling of 
different oceanic components back into the mantle can form intraplate 
basalts with variable ΔεHf values. In the plots of Ce/Pb and Nb/Th versus 
ΔεHf (Fig. 5a–b), all basalts from the South China Sea region, including 
the southeast Cambodia basalts, share a common end-member charac
terized by low Ce/Pb and Nb/Th ratios with slightly positive (but close 
to zero) ΔεHf values. Various trends to high Ce/Pb ratios are also 
exhibited by other basalts in addition to the southeast Cambodia basalts 

from the South China Sea region (Fig. 5). 

4. Discussion 

4.1. Post-magmatic alteration, crustal contamination, and low-pressure 
fractional crystallization 

Geochemical variations of continental intraplate basalts can be 
produced by shallow processes such as surface weathering and magma 
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chamber processes (e.g., Carlson et al., 1981; Kumar et al., 2010; Yu 
et al., 2015) in addition to source heterogeneity. Before we can discuss 
the origin of the geochemical variations of basalts, we should evaluate 
the influence from these shallow processes. The fresh appearance of 
hand specimens (Fig. S2) indicates that weathering should have little 
influence on the geochemical compositions. This inference can be sup
ported by the relatively low LOI values (< 2 wt%) which have no cor
relations between strongly incompatible elements like La (Fig. S3a) and 
fluid-mobile elements like U (Fig. S3b). The minimal influence of surface 
weathering can also be verified by the good correlations between Nb and 
the strongly incompatible elements such as K, Ba, La, and U (Fig. S3c-f). 

Trace element and radiogenic isotope features of the southern Viet
nam basalts indicate that some samples were affected by continental 
crustal contamination during their petrogenesis (Hoang et al., 1996; 
Hoang and Flower, 1998). The upper continental crust has lower Ce/Pb 
and Ba/Rb ratios than the DMM (depleted MORB mantle), while the 
lower continental crust has lower Ce/Pb and higher Ba/Rb ratios than 
the DMM (Fig. 6a). The variable Ce/Pb and uniform Ba/Rb ratios of the 
southeast Cambodia basalts suggest there was negligible crustal 
contamination (Fig. 6a). Continental crust has lower MgO contents and 
εNd and εHf values than mantle-derived basalts (e.g., Rudnick and Gao, 
2014), and thus crustal contamination is expected to produce a positive 
correlation between MgO content and Ce/Pb, εNd, and εHf values (e.g., 
An et al., 2017). However, apart from some basalt samples from 
southern Vietnam and Thailand, the Cambodia samples exhibit no clear 
correlation between MgO content and εNd value (Fig. 6b) and exhibit a 
negative correlation between Ce/Pb ratio and εHf value (Fig. 7a). We 
also compared the geochemical and isotopic compositions of the 
southeast Cambodia basalts with the lower crustal xenoliths from 
southern Vietnam. Although the lower crustal xenoliths show variable 
isotopic compositions (Fig. 4a–b), they are more enriched in isotopes 
than the southeast Cambodia basalts with low-Ce/Pb and low-Nb/Th 
ratios (Figs. 4 and 7). As such, crustal contamination is unlikely to 
generate the geochemical variations of southeast Cambodia basalts. 

The presence of olivine phenocrysts in some Cambodia basalt 

samples indicates the role of olivine fractionation in some of the basaltic 
melts, which is suggested by the positive correlations between MgO and 
FeOT and Ni contents for samples with MgO < 9 wt% (Fig. 2e). None
theless, no correlations are seen between MgO and FeOT for samples 
with MgO > 9 wt%, excluding the role of olivine fractionation or 
accumulation in petrogenesis of these basalts. For basalts with MgO < 9 
wt% experiencing fractional crystallization of olivine, no correlations 
are observed between MgO and CaO/Al2O3 ratios and Sc contents 
(Fig. 2b, f). This indicates that fractional crystallization of clinopyroxene 
is ignorable. For basalts with MgO > 9 wt%, the positive correlation 
between CaO/Al2O3 versus MgO could record the influence of clino
pyroxene during magmatic evolution. However, no correlation is shown 
between TiO2 and Sc versus MgO, excluding the effect of clinopyroxene 
fractionation or accumulation. The absence of a negative Eu anomaly 
and the lack of plagioclase phenocrysts suggest that plagioclase frac
tionation did not occur. At lower MgO contents, southeast Cambodia 
basalts show relatively constant, or slightly increased, TiO2 contents 
(Fig. 2d), indicating negligible fractionation of Fe–Ti oxides and other 
Ti-bearing minerals. Therefore, we can conclude that fractional crys
tallization should not affect the geochemical variation of southeast 
Cambodia basalts. 

4.2. Origin of the high-Ce/Pb component: Recycled oceanic crust material 

The high-Ce/Pb end-member of southeast Cambodia basalts is 
characterized by a negative ΔεHf value (< − 5) with an elevated Nb/Th 
ratio and εNd value but a decreased 87Sr/86Sr ratio (Figs. 4 and 5), which 
are similar to the intraplate basalts from the Fujian and Hainan prov
inces of the south China (e.g., Wang et al., 2013; Yu et al., 2019; Zeng 
et al., 2017). The elemental and isotopic features of such high-Ce/Pb 
end-member cannot be explained by the DMM or local depleted 
asthenosphere as represented by the South China Sea MORB which has 
close to zero ΔεHf value (Fig. 7). Therefore, we infer that a recycled 
component similar to those enriched components in sources of the 
Fujian and Hainan basalts should be responsible for such a high-Ce/Pb 
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end-member. The increasing Ce/Pb ratio with decreasing Pb content, 
along with the positive Ti and Nb anomalies, in the late Cenozoic 
intraplate basalts from south China and south Vietnam are typical 
geochemical features of recycled oceanic crusts (e.g., An et al., 2017; 
Hoang et al., 2018; Yu et al., 2019; Zeng et al., 2017). This is because 
that Pb is more fluid-mobile than Ce when the oceanic crust dehydrates 
during subduction. Rutile is a common accessory phase in eclogite that is 
derived from recycled oceanic crust and Nb and Ti are highly compatible 
in rutile (e.g., Foley et al., 2000; Klemme et al., 2005). Thus, melts 
originating from recycled oceanic crusts show elevated Ce/Pb and Nb/ 
Th ratios similar to the high-Ce/Pb component. Generally, oceanic crust 
consists of MORB-type pillow basalts and underlying gabbroic cumu
lates. The gabbroic cumulates have positive Sr and Eu anomalies 
reflecting plagioclase accumulation while the upper basaltic crust has no 
profound Sr and Eu anomalies (White and Klein, 2014). In comparison, 
the southeast Cambodia basalts have positive Sr anomalies and positive 
correlation between their εNd and Sr/Sr* ratios (Sr/Sr* = 2 × SrN/(PrN +

NdN), where N indicates normalized to primitive mantle; Fig. S4a), 
indicating that the gabbroic cumulates of the lower oceanic crust should 
be a more appropriate candidate for the source of high-Ce/Pb end- 
member. 

Nd and Hf isotopic variations have been inferred to be decoupled in 
global MORBs (e.g., Chauvel et al., 2008; Li et al., 2016, 2019; Pearce 
et al., 1999), wherein Pacific MORBs have negative ΔεHf values and 
Indian MORBs have positive ΔεHf values. Almost all oceanic sediments 
have elevated εHf at a given εNd showing positive ΔεHf values (e.g., 
Chauvel et al., 2008). Therefore, the negative ΔεHf nature of those high- 
Ce/Pb components from southeast Cambodia and south China points to 
the existence of recycled Pacific MORB-like oceanic crusts in their 
sources (e.g., Wang et al., 2013; Yu et al., 2019; Zeng et al., 2017) rather 
than recycled sediments. The high-Ce/Pb end-member in the southeast 
Cambodia basalts is similar to the recycled Paleo-Pacific MORB-like 
oceanic crust (ca. 400–500 Ma) (Fig. 4b). In comparison, the high-Ce/Pb 
components of the Fujian and Hainan basalts are trending to the Pacific 
MORB-like oceanic crusts at various ages (Fig. 4b; ca. 1.5–2.0 Ga for 
Fujian basalts and ca. 200–500 Ma for Hainan basalts; Wang et al., 2013; 
Zeng et al., 2017). In contrast, the Thailand basalts have elevated Ce/Pb 
and Nb/Th ratios with increasing positive ΔεHf values (Fig. 5). This 
enriched component is also suggested to come from recycled oceanic 
crust materials (Yan et al., 2018). The positive ΔεHf values and relative 
enriched Sr-Nd-Hf isotopic compositions of the Thailand basalts could 
be ascribed to the recycling of Indian MORB-type oceanic crust with or 
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without oceanic sediments in their source (Yan et al., 2018). 

4.3. Characteristics of the common low-Ce/Pb component: A FOZO-like 
component from the deep mantle 

In this study, we also identified a low Ce/Pb component with a 
relatively depleted isotopic composition (e.g., high εHf values; Fig. 7a) 
that is present in all intraplate basalts from the South China Sea region. 
The mantle sources of the Hainan and southern Vietnam basalts have 
been reported to contain recycled pelagic sediments characterized by 
low Ce/Pb and Nb/Th ratios and positive ΔεHf values (e.g., Hoang et al., 
2018; Mei and Ren, 2019). However, recycled oceanic sediments in the 
mantle source should form basalts with enriched isotopic compositions 
(e.g., low εNd and εHf values; Fig. 4b) and elevating Th/La ratios 
(Fig. S4b), which are inconsistent with the geochemical characteristics 
of the common low-Ce/Pb component. The relatively depleted nature of 
this end-member might be depleted asthenospheric mantle with or 
without carbonated component, continental lithosphere, or potential 
contribution from deep lower mantle as reported (e.g., Li et al., 2020; 
Wang et al., 2013; Yu et al., 2019; Zou et al., 2000). In the following 

sections, we discuss the origin of the shared low-Ce/Pb component. 

4.3.1. Depleted asthenosphere with or without a carbonated component? 
Depleted MORB mantle (DMM) is a candidate for the shared isoto

pically depleted component (e.g., Zou et al., 2000). However, the DMM 
has depleted trace elemental pattern with high Ce/Pb and Nb/Th ratios 
which is different from the low-Ce/Pb end-member (Fig. 5). Another 
candidate is the carbonated component in the asthenospheric mantle 
with depleted Nd and Hf isotopes. Such chemical and isotopic signatures 
from the carbonated mantle have been widely reported for intraplate 
basalts in eastern China (Li et al., 2017). Cenozoic intraplate basalts 
derived from a carbonated source are characterized by significant 
negative of Zr, Hf, and Ti anomalies (i.e., low Ti/Ti* and Hf/Hf* ratios) 
and low SiO2 with high CaO and CaO/Al2O3 ratio (Zeng et al., 2010), 
and results in distinctive stable Mg and Zn isotopic compositions (Li 
et al., 2017; Liu et al., 2016b). However, the low-Ce/Pb component 
exhibits decreasing CaO/Al2O3 ratio and Ti/Ti* ~ 1 (Fig. 7b). Therefore, 
depleted asthenosphere with or without carbonated component cannot 
be the source of the common low-Ce/Pb component. 

4.3.2. Subcontinental lithospheric mantle contamination? 
The subcontinental lithospheric mantle (SCLM) can modify the 

geochemical compositions of intraplate basalts through contamination 
at the asthenosphere–lithosphere boundary (e.g., Xu et al., 2005). Direct 
contamination forms basalts with lower abundances of highly incom
patible elements, kinked rare earth element (REE) patterns, and corre
lations between isotopic compositions and MgO content (Xu et al., 
2005). The southeast Cambodia basalts have OIB-like REE patterns 
(Fig. 3a) and exhibit no correlation between MgO content and εNd value 
(Fig. 6b), which precludes direct lithospheric mantle contamination. 
Melt–rock interaction in the lithospheric mantle can also modify the 
geochemical compositions of basalts (Liu et al., 2016a). The La/Yb ratio 
can reflect the degree of melt–rock interaction, as La is more incom
patible than Yb. Potassic basalts affected by melt–rock interactions 
exhibit a negative correlation between La/Yb ratio and MgO content, 
and a positive correlation between La/Yb and Rb/Nb ratios (Fig. S5a–b), 
due to the dissolution of olivine and precipitation of phlogopite (Liu 
et al., 2016a). Melt–rock interaction in the lithospheric mantle has been 
proposed to have affected intraplate sodic basalts from the South China 
Sea basin, whereby the reacted melts exhibit positive correlations be
tween La/Yb and MgO and between La/Yb and Rb/Nb (Fig. S5a–b), due 
to the dissolution of orthopyroxene and precipitation of olivine and 
apatite (Zhang et al., 2017). In comparison, the southeast Cambodia 
basalts have no correlation between La/Yb and MgO, and have a nega
tive correlation between La/Yb and Rb/Nb, which precludes potential 
melt–rock interactions in the lithospheric mantle. Furthermore, Sr–Nd 
isotopic compositions of the SCLM as represented by mantle peridotites 
from southeast China are more depleted than the shared low-Ce/Pb 
component (Fig. 4a), further excluding the role of the SCLM in modi
fying the compositions of the intraplate basalts. 

4.3.3. Confirmation of a FOZO-like mantle component in the source of the 
intraplate basalts 

The common low-Ce/Pb component is characterized by Ce/Pb and 
Nb/Th with low ratios (Fig. 5) and Ti/Ti* and Eu/Eu* with ratios ~1. It 
also has slightly positive ΔεHf value, moderate 87Sr/86Sr ratio, and high 
εHf value (Fig. 7c–d), similar to geochemical features of the primitive 
mantle (McDonough and Sun, 1995). We compared the radiogenic iso
topic features of the shared low-Ce/Pb component with those of FOZO (i. 
e., the primitive mantle), which usually has high 3He/4He isotopic ratio 
that is a unique feature of the lower mantle and plume–related basalts 
(Jackson et al., 2007; Jackson et al., 2020; Rooney et al., 2012). In 
Fig. 7c–d, the common low-Ce/Pb component is located in the field close 
to FOZO, verifying the affinity between the low-Ce/Pb component and 
FOZO. The FOZO-like low-Ce/Pb component is characterized by mod
erate 87Sr/86Sr (~0.7040) and εNd (~ + 5), and high εHf (~ + 9.5). 
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Although we didn’t measure the Pb isotopes of southeast Cambodia 
basalts, we plotted the collected data in the plot of 208Pb*/206Pb* versus 
εNd (Fig. S6). At the same εNd around +5, samples from south China, the 
South China Sea basin, and Indochina Peninsula share the same common 
component as we suggested. Pb and Re–Os isotopic compositions of the 
Hainan basalts also suggest that such a low-Ce/Pb component was 
derived from a FOZO-like primitive mantle source (Wang et al., 2013), 
which is generally inferred to be the dominant lower mantle component 
(Hofmann, 2014). This FOZO-like material is potentially derived from 
the upwelling Hainan mantle plume that has been detected by seismic 
observations in the case of Hainan basalts (Wang et al., 2012; Wang 
et al., 2013; Xu et al., 2012). In addition to the Hainan basalts, the in
fluence of the plume has been invoked for the intraplate basalts from 
southern Vietnam, Thailand, the South China Sea basin, and southeast 
China (An et al., 2017; Hoang et al., 2018; Yan et al., 2018; Zhang et al., 
2017; Zhang et al., 2018a). Recent seismic tomographic results show 
that, although the strongest low-Vp zones exist beneath Hainan, signif
icant low-Vp anomalies are evident in the mantle beneath Indochina, the 
South China Sea, and South China. As such, a cluster of plumes has been 
proposed to exist, rather than a single Hainan plume (e.g., Zhao et al., 
2021). Irrespective of the extent and geometry of the plume, low-Vp 
zones have been imaged in the lower mantle beneath the South China 
Sea region that extend to the upper mantle (Lei et al., 2009; Xia et al., 
2016; Zhao et al., 2021). The existence of mantle plume provides the 
possibility for the widely distribution of FOZO-like mantle components 
in the study region. Our data along with previously reported geochem
ical and geophysical observations confirm that the common low-Ce/Pb 
end-member in this region is most likely derived from a deep-seated 
lower mantle source. 

4.4. Geodynamics of intraplate volcanism in the vicinity of a subduction 
system 

The origins of the low- and high-Ce/Pb components in the study 
region can provide insights into the deep geodynamics of the upper 
mantle in the vicinity of a subduction system. Since the Mesozoic, sub
duction of the Paleo-Pacific Plate has had an important role in control
ling the tectonic evolution of southeastern Eurasia (Li and Li, 2007) and 
related basaltic magmatism (e.g., Zeng et al., 2016). Therefore, we 
suggest that the subducted Pacific MORB-type oceanic crust could be the 
source of the high-Ce/Pb components in the Cambodia, Fujian, and 
Hainan basalts. In comparison, to the nearly zero and positive ΔεHf 

values of basalts from southern Vietnam and Thailand suggest that the 
recycled oceanic crusts in their source might be Indian MORB-like 
(Figs. 5, 7). Furthermore, recycled oceanic sediments existed in the 
mantle sources of southern Vietnam, Thailand, and Hainan basalts (e.g., 
Hoang et al., 2018; Mei and Ren, 2019; Yan et al., 2018) as exhibited by 
their low Nb/Th ratio and high Th/La ratio with positive ΔεHf values 
(Figs. 5b, S4b). Therefore, in addition to the common low-Ce/Pb FOZO- 
like mantle component, the upper mantle beneath the South China Sea 
region consists of highly heterogeneous, recycled oceanic crust materials 
from two distinct oceanic plates. 

There are two geodynamic possibilities to explain the co-existence of 
FOZO-like mantle and heterogeneous, recycled oceanic crusts in the 
same mantle source: (1) a highly heterogeneous mantle plume derived 
from the core–mantle boundary; (2) a mantle plume that has interacted 
with a reservoir containing heterogeneous, recycled oceanic crust. There 
is little evidence to suggest the Hainan mantle plume is highly hetero
geneous (Li et al., 2020; Wang et al., 2013; Yan et al., 2018), because the 
Hainan basalts are isotopically relatively homogeneous (Fig. 7). Apart 
from the shared FOZO-like end-member, basalts from the southern 
Vietnam, Cambodia, Thailand, Hainan, the South China Sea basin, and 
Fujian exhibit different geochemical trends in Figs. 5 and 7, suggesting 
that the enriched components at different locations are highly hetero
geneous. Such spatial variation excludes a shared highly heterogeneous 
mantle plume as their common enriched source. A reservoir containing 
highly heterogeneous, recycled oceanic materials is needed in the mix
ing model. Geophysical observations suggest that a stagnant cold and 
dense component (i.e., the Paleo-Pacific oceanic slab) is currently pre
sent in the mantle transition zone beneath southeastern China (Huang 
and Zhao, 2006) (Fig. 1c). Seismic tomographic observations have also 
identified the existence of cold and dense slabs in the mantle transition 
zone beneath the Indochina Block and South China Sea basin (Zhao 
et al., 2021) (Fig. 1c). Consequently, the subducted oceanic slabs in the 
mantle transition zone are likely to be an important mantle reservoir. 

In addition to the large volume of stagnant oceanic crust in the 
mantle transition zone, large low-resistivity anomalies occur above and 
below the mantle transition zone beneath the South China Sea region 
(Huang and Zhao, 2006; Xia et al., 2016; Zhao et al., 2021) (Fig. 1c). We 
thus propose a geodynamic model, including the blocking of an up
welling mantle plume by the stagnant slabs, plume-slab interaction, and 
subsequent upwelling of secondary plumes into the upper mantle, to 
explain the origin of intraplate basalts in the South China Sea region 
(Fig. 8). The subducted oceanic slabs include both Pacific and Indian 
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types and they are stagnant in the mantle transition zone forming a 
barrier of highly heterogeneous, recycled oceanic crusts (Fig. 8). This 
barrier blocked the upwelling mantle plume from the core–mantle 
boundary prior to the mid-Miocene. Opening of the South China Sea 
basin strengthened convection in the upper mantle, which allowed the 
formation of secondary plumes from the mantle transition zone (Zhao 
et al., 2021). The upwelling secondary plumes contain stagnant oceanic 
slab material from the mantle transition zone, and underwent partial 
melting in the shallow mantle that formed the widely distributed post- 
Miocene intraplate volcanisms in the South China Sea region. One of 
the limitations of our model is that, while some plume-related basalts 
have 3He/4He values ranging from low to high, basalts from study region 
only have low 3He/4He ratios so far. One possibility is that the amount of 
data reported is still very limited. The other explanation is that the 
high-3He/4He domain is denser than other components hosted in plumes 
(Jackson et al., 2017). Such denser materials of higher 3He/4He ratios 
are more difficult to be brought up by the plume that was already hin
dered by the stagnant slabs. 

4.5. Implication 

The phenomenon of reported thermal anomaly in the asthenosphere 
without significant signal of mantle plumes is widely seen from south
east Eurasia (e.g., An et al., 2017; Wang et al., 2012; Yang et al., 2019); 
however, no consistent interpretations have been obtained. Our mantle 
plume–stagnant slab interaction model can explain such paradox. This 
model also explains why the intraplate volcanism exhibits similar 
geochemical variations and source heterogeneity within a limited dis
tance of the South China Sea basin. Moreover, the stagnant subducted 
slabs in the mantle transition zone act as a filter to modify the 
geochemical compositions of the upwelling plumes, further providing an 
interpretation for MORB-like 3He/4He ratios of some plume-related 
basalts. Therefore, we highlight that, in the context of a subduction 
system, interaction between an upwelling mantle plume and a stagnant 
slab in the mantle transition zone can hamper the mantle upwelling and 
cause isotopic heterogeneity in the upper mantle and associated basalts. 

5. Conclusion 

Elemental and isotopic compositions of southeast Cambodia basalts 
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reveal a mixing feature of two end-member components in the mantle 
source of them, a FOZO-like mantle component and a Pacific MORB-like 
recycled oceanic crustal component. In comparison with the intraplate 
basalts from the Indochina Peninsula, Hainan Island, South China Sea 
basin, and south China, we find that the upper mantle is composed of a 
shared FOZO-like mantle component and recycled oceanic crusts with 
highly heterogeneous isotopic compositions in the South China Sea re
gion. To interpret the regular spatial and temporal distribution of these 
intraplate basalts and the geochemical relationship between these ba
salts and mantle plume, we obtained a new petro-genesis model of 
mantle plume-stagnant slab interaction. Our model includes hampering 
of an upwelling mantle plume by the stagnant slabs, plume-slab inter
action, and subsequent upwelling of secondary plumes into the upper 
mantle. This study provides a new dynamic model to explain the for
mation of continental intraplate basalts. In addition, our study provides 
insight into understanding the mantle plume activities in the vicinity of 
subduction zones. We suggest that the signal of mantle plumes can be 
contaminated or diluted by the stagnant subducted oceanic slabs in the 
mantle transition zone. 
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